What are the new findings?
► GDM was not associated with cord blood fetuin-A levels in Chinese newborns. ► Fetuin-A was negatively correlated to fetal growth (birth weight or length z score) in GDM but not in euglycemic pregnancies, suggesting a GDMconditional negative correlation of fetuin-A with fetal growth.
How might these results change the focus of research or clinical practice?
► The GDM-associated intrauterine endocrine environment may enable a negative impact of fetuin-A on fetal growth. More studies are warranted to validate the finding in other populations.
AbStrAct
Objective Fetuin-A is a glycoprotein produced by hepatocytes and has been associated with insulin resistance and bone growth in postnatal life. Gestational diabetes mellitus (GDM) is a condition characterized by insulin resistance. It is unclear whether GDM may affect cord blood fetuin-A levels and whether fetuin-A is associated with fetal growth.
Research design and methods In a nested case-control study of 153 matched pairs of neonates of mothers with GDM and euglycemic pregnancies in the Shanghai Birth Cohort, we evaluated cord blood fetuin-A in association with GDM and fetal growth.
Results Comparing the newborns of GDM versus euglycemic mothers, cord blood fetuin-A concentrations were similar (mean±SD: 783.6±320.0 vs 754.8±281.9 µg/ mL, p=0.53), while insulin-like growth factor (IGF)-I (76.6±27.8 ng/mL vs 68.1±25.1 ng/mL, p=0.008) and IGF-II (195.3±32.5 ng/mL vs 187.5±30.8 ng/ mL, p=0.042) concentrations were higher. Cord blood fetuin-A was not correlated with insulin, IGF-I or IGF-II. Cord blood fetuin-A was negatively correlated with birth weight (r=−0.19, p=0.025) and birth length (r=−0.24, p=0.005) z scores in GDM pregnancies, while there were no significant correlations in euglycemic pregnancies (tests for interaction: p=0.014 for birth length, p=0.013 for birth length). Adjusting for maternal and neonatal characteristics, the differential associations remained.
Conclusions GDM was not associated with cord blood fetuin-A levels. Fetuin-A was negatively associated with fetal growth in GDM but not in euglycemic pregnancies. This novel observation suggests a GDM-conditional negative correlation of fetuin-A with fetal growth.
InTROduCTIOn
Fetuin-A or α2-HS-glycoprotein is a multifunctional glycoprotein produced mainly by hepatocytes and is involved in a diverse range of physiological and pathological conditions. It has been linked to insulin signaling pathways, and may be involved in the development of insulin resistance and type two diabetes. [1] [2] [3] Fetuin-A inhibits insulin receptor signaling 4 5 and is an endogenous ligand of toll-like receptor 4 promoting lipid-induced insulin resistance. 6 Gestation diabetes mellitus (GDM), a condition characterized by elevated insulin resistance and impaired glucose tolerance in the second half of the pregnancy, 7 has been associated with elevated maternal circulating fetuin-A levels in some but not all studies. [8] [9] [10] There is a lack of data on whether there are alterations in fetal/cord blood fetuin-A concentrations in GDM. GDM is often associated with increased fetal size, which may be mainly attributable to elevated glucose transfer from the mother to the fetus. 11 Fetuin-A expression is relatively high in the fetus and has been linked to postnatal bone growth. [12] [13] [14] [15] [16] Animal studies in fetuin-A knockout mice have reported impaired growth plate chondrocyte maturation and stunted longitudinal femur growth, 15 17 suggesting that fetuin-A is important for linear growth. In contrast, a clinical study has reported a negative association between maternal blood fetuin-A and birth length. 9 We are unaware of any data on cord blood fetuin-A in relation to fetal growth. The Figure 1 Flowchart in the selection of study subjects in a nested matched case-control study of the newborns of GDM mothers and controls in the Shanghai Birth Cohort. GDM, gestational diabetes mellitus.
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relatively high concentrations of fetuin-A in the fetuses (compared with the adults) raise the possibility that it may play an important role during fetal development. 12 14 It remains unknown whether cord blood fetuin-A is associated with fetal growth and whether GDM may modify the association.
In view of the above-discussed knowledge gaps, we sought to determine whether cord blood fetuin-A levels are different in GDM versus euglycemic pregnancies, and to assess whether cord blood fetuin-A levels are associated with fetal growth in pregnancies with or without GDM. We hypothesized that GDM may affect cord blood fetuin-A levels and may modify the association between fetuin-A and fetal growth since GDM may cause numerous changes in the intrauterine endocrine environment.
ReseaRCH desIgn and meTHOds study design, data and specimens We conducted a nested matched (1:1) case-control study based on the recently described Shanghai Birth Cohort (SBC). 18 Briefly, the SBC was built to examine the effects of perinatal factors on birth outcomes, infant growth and development, including 4127 pregnant women recruited in six urban obstetric care centers in Shanghai, 2013-2016. 18 GDM was diagnosed according to the International Association of Diabetes and Pregnancy Study Group (IADPSG) criteria 19 ; if any one of the glucose values was at or above the following thresholds in the 75 g oral glucose tolerance test (OGTT) at 24-28 weeks of gestation: fasting, 5.1 mmol/L; 1 hour, 1.mmol/L; and 2 hours, 8.5 mmol/L. Cases were newborns of GDM mothers, and controls were newborns of mothers without diabetes. All case and controls were from the SBC cohort and must meet the following eligibility criteria: (1) Han ethnicity (the majority ethnic group, >98%); (2) maternal age of 20-45 years; (3) natural conception; (4) singleton pregnancy; (5) the mother was free of prepregnancy severe illnesses (eg, type 1 or type 2 diabetes and chronic hypertension) and life-threatening pregnancy complications (eg, pre-eclampsia/eclampsia); (6) the infant was free of birth defects; (7) 5 min Apgar score ≥7; and (8) cord blood and placenta specimens available for future assays. All eligible newborns of GDM mothers (n=153) were included. Controls were randomly sampled among all eligible subjects and matched to cases (1:1) by infant sex (the same) and gestational age (within 1 week). Therefore, a total of 306 subjects (153 newborns of GDM mothers and 153 controls) constituted the study sample. Figure 1 presents the flowchart in the selection of study subjects.
Birth weight was measured to the nearest 1 g and was transformed to z score using the 2015 Chinese sex-specific and gestational age-specific birthweight standards. 20 Birth length was measured to the nearest 0.1 cm and was transformed to z score according to sex-specific and gestational age-specific means and SDs of all singleton infants in the SBC cohort since there are no Chinese Pathophysiology/Complications birth length standards available. Maternal prepregnancy Body Mass Index (BMI) (kg/m 2 ) was categorized by Chinese standards: underweight (<18.5), normal weight (18.5-23.9), overweight (24.0-27.9) and obese (≥28). 21 Gestational weight gain (kg) was calculated as the difference between the weight before delivery (within 1 week, measured by a clinic nurse using a routinely calibrated electronic weighing device) and prepregnancy weight (self-reported in the first antenatal care visit at 8-14 weeks of gestation), and standardized to z score according to the BMI category-specific mean and SD of gestational weight gain in the SBC.
Umbilical cord blood samples (in multiple tubes for serum (non-coagulant) and plasma (EDTA)) were collected after the clamping of the umbilical cord immediately after safe delivery of the baby. The cord blood samples were centrifuged in a centrifuge (Beckman Coulter Allegra X-15R, USA) at 4°C, 4000 r/min for 10 min. The separated serum and plasma samples were stored at −80°C until assays.
Biochemical assays
Cord plasma fetuin-A was measured by an ELISA kit (R&D System, Minnesota, USA), and the absorbance was determined using a microplate spectrophotometer (Beckman CX7, USA). Cord serum insulin and insulinlike growth factor (IGF)-I concentrations were detected by automated chemiluminescent assays (ADVIA Centaur and Immulite 2000, Siemens, Germany). Cord plasma IGF-II was measured by an ELISA kit (R&D System). The minimal detectable concentrations were 0.62 ng/ mL for fetuin-A, 3.5 pmol/L for insulin, 25 ng/mL for IGF-I, and 1.88 pg/mL for IGF-II, respectively. The intraassay and interassay coefficients of variation were in the ranges of 0.5%-8.3% for fetuin-A, 2.0%-6.5% for insulin and IGF-I, and 2.4%-9.3% for IGF-II, respectively. In all biomarker assays, the lab technicians were blinded to the clinical status (GDM?) of study subjects. Except for IGF-I, all biomarker values were above the detection limits. For IGF-I values below the detection limit (n=16, 5.2%), they were treated as missing in data analysis.
statistical analysis
Mean±SD and median (IQR) were presented for continuous variables, while number (%) was presented for categorical variables. Pearson partial correlation coefficients were calculated to evaluate the associations between cord blood fetuin-A and fetal growth factors adjusting for gestational age at blood sampling. Generalized linear models were applied to assess the associations of fetuin-A with fetal growth (birth length/weight z scores) adjusted for maternal and neonatal characteristics. Biomarker data were log-transformed in correlation and regression analyses. All data analyses were performed using Statistical Analysis System, V.9.4. A p value of <0.05 was considered statistically significant for the primary research question on the difference in cord blood fetuin-A concentration between the newborns of GDM and controls. A p value of <0.025 was considered statistically significant in the tests for interaction of GDM status with fetuin-A in relation to fetal growth (birthweight and birth length z scores, Bonferroni correction for two tests) by adding an interaction item in generalized linear models. Table 1 presents maternal and neonatal characteristics of the study population. Family history of diabetes tended to be more common in women with GDM (16.5%) versus euglycemic (9.5%) pregnancies (p=0.056). Caesarean deliveries were more frequent in GDM versus euglycemic women (54.3% vs 33.1%, p<0.001). In the GDM group, 40.3% women were overweight/obese, much higher than that of 18.0% in euglycemic pregnancies. Gestational weight gains (in absolute value or z score) were lower in GDM versus euglycemic pregnancies. As expected, maternal glucose levels in the 75 g OGTT at 24-28 weeks of gestation were substantially higher in GDM versus euglycemic women (all p<0.001). There were 13 patients with GDM requiring the use of insulin in the management of hyperglycemia; other patients with GDM were treated with dietary and lifestyle interventions only. The newborns of mothers with GDM had higher birthweight z scores than the newborns of euglycemic mothers (0.40±1.16 vs 0.15±0.98, p=0.044), while there were no significant differences in birth length (in centimetre or z score). On average, infants of mothers with GDM were delivered about 1 day (0.19 week) earlier than infants of euglycemic mothers (paired t-test, p<0.001).
ResulTs
Cord blood fetuin-A (783.6±320.0 vs 754.8±281.9 µg/ mL, p=0.531) concentrations were similar in GDM and euglycemic pregnancies, while IGF-I (76.6±27.8 vs 68.1±25.1 ng/mL, p=0.008) and IGF-II (195.3±32.5 vs 187.5±30.8 ng/mL, p=0.042) concentrations were significantly higher in GDM pregnancies (table 2) . Table 3 presents the partial correlations of cord blood fetuin-A with fetal growth and fetal growth factors in GDM and euglycemic pregnancies adjusting for gestational age at birth/blood sampling. Higher cord blood fetuin-A concentrations were correlated with lower birth length z scores (r=−0.24, p=0.005) in GDM pregnancies, while there was no correlation in euglycemic pregnancies. Similarly, higher cord blood fetuin-A levels were correlated with lower birthweight z scores (r=−0.19, p=0.025) in GDM pregnancies, but there was no correlation in euglycemic pregnancies. There were no significant correlations of cord blood fetuin-A with insulin, IGF-I and IGF-II.
Adjusting for maternal and neonatal characteristics (table 4), cord blood fetuin-A concentration remained negatively associated with birth length z score in GDM pregnancies (β=−0.52, p=0.012), while the association was in the reverse direction and non-significant in euglycemic pregnancies (regression test for interaction: p=0.014). A similar negative association was observed in cord blood fetuin-A with birth weight z score in GDM (β=−0.45, p=0.036) but not in euglycemic pregnancies (test for interaction: p=0.013). Excluding GDM patients with insulin treatment, we found that the associations were similar. These associations between fetuin-A and fetal growth (birth length or weight) were similar with further adjustments for cord blood insulin, IGF-I or IGF-II (data not shown) since they were not correlated to fetuin-A.
dIsCussIOn main findings
Our data showed that GDM was not associated with cord blood fetuin-A concentration. The study is the first to demonstrate that cord blood fetuin-A was negatively correlated to fetal growth in GDM pregnancies but not in euglycemic pregnancies. data interpretation and comparisons with previous studies We are aware of only one previous study on cord blood fetuin-A in GDM: a small study (12 GDM pregnancies, 12 controls) reported lower cord blood fetuin-A levels in GDM pregnancies. 22 In contrast, our study in a large cohort (153 GDM pregnancies, 153 controls) showed similar cord blood fetuin-A concentrations between GDM and euglycemic pregnancies, suggesting that the previously reported difference might be a chance finding due to small sample size. As expected, we observed elevated cord blood IGF-I and IGF-II levels in GDM pregnancies, which may well explain the enhanced fetal growth. Unexpectedly, we did not detect a significant difference in cord blood insulin concentrations between the newborns of GDM pregnancies and controls. This could be a consequence of well-managed hyperglycemia in GDM in tertiary obstetric care centers; most women with GDM might have reached euglycemia at late gestation, while cord blood insulin levels might only reflect very shortterm glycemic status. Most notably, average gestational weight gain z score was lower in GDM versus control groups, suggesting well management of hyperglycemia in GDM. Insulin, IGF-I and IGF-II are essential for fetal growth. 23 We did not find any significant correlations of cord blood fetuin-A with insulin, IGF-I and IGF-II, suggesting that any impact of fetuin-A on fetal growth in GDM might operate through pathways independent of these fetal growth factors.
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We observed negative correlations of cord blood fetuin-A with birth length and birth weight in the GDM group only. Animal knockout studies have suggested that fetuin-A is essential for longitudinal bone growth. 17 24 However, fetuin-A may also act as a calcification inhibitor, 25 26 which might explain the negative correlation of cord blood fetuin-A with linear growth in GDM. Our finding is consistent with the study of Kalabay and colleagues reporting a negative correlation between maternal blood fetuin-A and birth length in GDM pregnancies, 9 although it is unclear whether maternal fetuin-A could pass the placental barrier. The absence of association in euglycemic pregnancies in our data suggests that under normal physiological conditions, fetuin-A might not affect fetal growth.
The mechanisms driving the conditional association of fetuin-A with fetal growth in GDM are unclear. We speculated that fetuin-A's activity might be modified under the GDM-specific intrauterine endocrine conditions (figure 2). As there are numerous changes in the fetal endocrine environment in GDM, it is possible that some of these changes may potentiate the effects of fetuin-A through altering the protein's post-translational modifications and/or signaling activity. [27] [28] [29] Previous studies have reported variations in fetuin-A's phosphorylation or glycosylation levels in growth-restricted and obese individuals. 28 29 It is plausible that fetuin-A's post-translational modifications may be influenced by GDM, which in turn may explain the observed negative association between fetuin-A and fetal growth in GDM. However, this interpretation is highly speculative as we did not have the data on protein post-translational modifications, which may be the direction for future research. 
strengths and limitations
Strengths of our study include the large sample size and high-quality biomarker assays (low intra-assay and interassay coefficients of variation). The main limitation is that we did not have data on fetuin-A isoforms. Future studies may explore whether specific isoforms of fetuin-A may be associated with fetal growth in GDM. Also, our study is observational in nature. Causality could not be affirmed. We could not rule out the possibility of reverse causality. However, similar findings were observed in the analyses with or without adjustment for gestational weight gain, and with or without excluding patients with GDM requiring the use of insulin for hyperglycemia. These sensitivity analyses indicate that the differential associations between fetuin-A and fetal growth in GDM versus euglycemic pregnancies are unlikely related to the clinical management of hyperglycemia in pregnancy.
The study was based on a Chinese birth cohort. More studies in other populations are warranted to understand the generalizability of the study findings.
In conclusion, our data suggest that GDM is not associated with cord blood fetuin-A level. The study provides the first observation that cord blood fetuin-A levels are negatively correlated to fetal growth in GDM but not in euglycemic pregnancies. This novel finding suggests a GDM-conditional association of fetuin-A with fetal growth and requires confirmation in other independent cohorts.
Pathophysiology/Complications
for publication. W-JW and LZ contributed equally. Z-CL was the guarantor of this work, had full access to all the data in the study, and took responsibility for the integrity of the data and the accuracy of the data analysis.
Funding This work was supported by research grants from the Ministry of Science and Technology of China National Key Research and Development Program (2019YFA0802501), the National Natural Science Foundation of China (81571451 and 81673178), the Canadian Institutes of Health Research (158616), the Shanghai Municipal Health and Family Planning Commission (GWIII-26.2) and the National Human Genetic Resources Sharing Service Platform (2005DKA21300). The funders had no role in all aspects of the study, including study design, data collection and analysis, the preparation of the manuscript and the decision for publication.
